Polycystic ovary syndrome (PCOS) is one of the most common hormonal disorders, occurring in 5-10% women in reproductive ages. Despite a long history of studies on PCOS, its etiology is still unknown. Oxidative stress is now recognized to play a central role in the pathophysiology of many different disorders, including PCOS. Although intracellular reactive oxygen species (ROS) production and propagation are controlled by highly complex antioxidant enzymatic and non-enzymatic systems, understanding of mechanisms that oxidative stress is important to develop strategies for prevention and therapy of PCOS. This article reviews the literature data related to the mechanisms of oxidative stress in PCOS.
Introduction
Polycystic ovary syndrome (PCOS) is a public health important disease, affecting at reproductive age and associated with reproductive, metabolic, and psychological dysfunction. PCOS women commonly have features of hyperandrogenism and hirsutism, oligo or amenorrhea, and unovulation. Despite a long history of studies on PCOS, its etiology is still unknown about the pathophysiology of PCOS, have explained the roles of inflammatory state, endothelial injury, oxidative stress, and genetic mechanisms. [1] [2] [3] Oxidative stress is referred as the imbalance between oxidants and antioxidants and the generation of excessive amounts of reactive oxygen species (ROS). A lot of investigations have revealed that oxidative circulating markers are significantly increased in patients with PCOS compared with the normal and are considered as a potential inducement of PCOS pathogenesis. [1] Oxidative stress is now recognized to play a central role in the pathophysiology of many different disorders, including PCOS. The present review study provides an overview of current knowledge about important oxidative stress roles in the pathogenesis of PCOS.
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Methods and Literature Search Strategy
An electronic literature search of databases including PubMed, Medline, Web of sciences, Embase, and Scopus was conducted for publications, in English, up to 2018. The search terms included "Polycystic ovary syndrome," "PCOS," "Reactive oxygen species (ROS)," "Oxidative marker," "Oxidative stress (OS)," "Antioxidant," "Malondialdehyde (MDA)," "Nitric oxide (NO)," "Advanced glycosylated end products (AGEs)," "Xanthine oxidase (XO)," "Superoxide dismutase (SOD)," "Glutathione peroxidase (GPx)," "Total antioxidant capacity (TAC)," "Vitamin E," and "Vitamin C," or their equivalents were used individually or/and in various combinations to retrieve the relevant literatures. In addition, the reference lists of all identified literature were also checked to identify additional relevant articles.
Overview of oxidative stress
Oxidative stress as a general term usually used to describe an imbalance between the production of free radicals and the ability of the body to defense their harmful effects by antioxidants that cause DNA damage and/or cell apoptosis. Disturbances in the normal oxidation reaction of cells and the production of free radicals and peroxides can cause toxic effects that damage the cell.
The effects of oxidative stress depend on the percentage of these changes from DNA damage and trigger apoptosis and necrosis to cell death. [4] ROS represent a class of molecules that is derived from the metabolism of oxygen in aerobic organisms. The major ROS with physiological function are superoxide anion (O2 − ), hydroxyl radical (OH), hydrogen peroxide (H 2 O 2 ), organic hydroperoxide (ROOH), alkoxy and peroxy radicals (RO and ROO), hypochlorous acid (HOCl), and peroxynitrite (ONOO-). ROS can act as second messengers in mammalian cells to regulate signal transduction pathways that lead to control gene expression and proteins post-translational changes, involved in cell function, growth, differentiation, and death. [5, 6] There are several sources that generate the ROS. One source of reactive oxygen under normal conditions in humans is the leakage of activated oxygen from mitochondria during oxidative phosphorylation. [7] Other endogenous source of ROS is the leakage of activated oxygen from the detoxification reactions involving the liver cytochrome P-450 enzyme system, [8] peroxisomal oxidases, [9] NAD (P) H oxidases, [10] or XO. [11, 12] Exogenous sources include exposure to environmental pollutants; cigarette smoke; consumption of alcohol; exposure to ionizing radiation; and bacterial, fungal, viral infections, etc. [13] In return, there are molecules in the cells that prevent these reactions by donating an electron to the free radicals without becoming destabilized with the name of antioxidant. In fact, cellular ROS productions are controlled by highly complex antioxidant enzymatic and non-enzymatic systems. The important antioxidant enzymes such as SOD, catalase (CAT), GPx glutathione S-reductase (GSR), Glucose-6-phosphate dehydrogenase (G6PD), and isocitrate dehydrogenase (ICDH) are compartmentalized within the cell by defenses against ROS propagation, oxidative stress, and tissue damage. [14] Non-enzymatic antioxidant systems, system that contains vitamins such as E, C, and A are among the major dietary antioxidants that directly neutralize ROS, provide a major source of protection against the side effects of ROS. [15, 16] Trace elements act as cofactors in the regulation of antioxidant enzymes specially Cu, Zn, Mn, and Se are essential constituents of enzymatic antioxidant systems such as Cu-Zn-SOD (SOD1), Mn-SOD (SOD2), and Se-GPx. [14] Polyphenols and ubiquitous, as natural antioxidants, are in diet specially in vegetables and fruits. [17] Reactive oxygen species diverse actions on cell function 1. Activation of redox-sensitive transcription factors:
Redox-sensitive transcription factors such as AP-1, p53, and NF-κB regulate the expression of pro-inflammatory and other cytokines, cell differentiation, and apoptosis. PCOS is associated with low-grade inflammation and raised inflammatory cytokines, which contribute to the pathogenesis of this syndrome. The majority of studies addressing the status of chronic low-grade inflammation in PCOS has focused on the measurement of circulating C-reactive protein (CRP), TNFα, IL-6, and IL-18 [18, 19] Activation of protein kinases: In fact, with activation of protein kinases, cells respond to a variety of extracellular signals and stress that may lead to more extensive cell damage, resulting ultimately in cell death through necrosis or apoptosis. [20] ROS influence the mitogen activated protein kinase signaling pathways that are involved in diverse physiological processes [21] because these pathways are major regulators of gene transcription in response to oxidative stress by promoting the actions of receptor tyrosine kinases, protein tyrosine kinases, receptors of cytokines, and growth factors. [22, 23] About pathogenesis of insulin resistance in PCOS patient, several studies indicated that with the increased oxidative stress, various protein kinases are activated to induce serine/threonine phosphorylation of, insulin receptor substrate (IRS), inhibit normal tyrosine phosphorylation of IRS, and finally, induce the degradation of IRS. [24, 25] Other pathways that can be activated by ROS include the c-Jun N-terminal kinases (JNK) and p38 pathways. JNK is a component of the transcription factor activator protein-1 (AP-1). AP-1 regulates the transcription of numerous genes such as cytokines, growth factors, inflammatory enzymes, matrix metalloproteinase, and immunoglobulins 2. Opening of ion channels: Increase of ROS lead to release of Ca2+ ions from the endoplasmic reticulum and other stores and loss of intracellular Ca2+ homeostasis. Excess the cytosolic Ca2+ ion concentration will adversely affect such as instability in the mitochondrial membrane and also collapse of adenosine triphosphate (ATP) synthesis, finally the cell undergoes primary necrosis. [26, 27] In PCOS women, studies showed calcium dysregulation contributes to the development of follicular arrest, resulting in reproductive and menstrual dysfunction [28] 3. Protein oxidation: Amino acids, both in proteins and free, are a target for oxidative damage. Direct oxidation of the side chains leads to the formation of carbonyl products. [29] Carbonyl products lead to a loss of protein function, which is considered an indicator of oxidative damage and disease-derived protein dysfunction. [30] Plasma advanced oxidation protein products (AOPPs) in serum of PCOS patients had significantly higher than control women. AOPPs have been considered as novel markers of oxidant-mediated protein damage and may also act as a novel class of pro-inflammatory mediators [31] 4. Lipid peroxidation: Lipid peroxidation is occurring in the polyunsaturated fatty acid side chains of the plasma membrane or that of any organelle that contains lipid. These fatty acid side chains react with O 2 and create the peroxyl radical, which can obtain H+ from another fatty acid, creating a continuous reaction. [32] These chain reactions with vitamin E can break and act as an antioxidant because vitamin E has lipid solubility and hydrophobic tail. [27] Levels of markers that could reflect the degrees of lipid peroxidation, such as thiobarbituric acid-reactive substances, oxidized low-density lipoprotein, and malondialdehyde (MDA) increase significantly in the PCOS patients compared with the normal. In addition, serum lipid peroxide concentrations were increased in patients with PCOS [33, 34] 5. DNA oxidation: It occurs at guanine residues because of the higher oxidation potential of this base than cytosine, thymine, and adenine. Mitochondrial DNA is particularly vulnerable to ROS attack owing to O 2 − generation from the electron transport chain, lack of histone protection, and absence or minimal repair mechanisms that exist. [35] Free radical mediated DNA damage and impaired antioxidant defense have been implicated as contributory factors for the development of cancer. Dinqer et al. evaluated H 2 O 2 -induced DNA damage, a marker of DNA susceptibility to oxidation in PCOS women. They showed a significant increase in DNA strand breakage and H 2 O 2 -induced DNA damage that may explain the association between PCOS and ovarian cancer. [36] Oxidative stress biomarkers in PCOS For investigation of the oxidative stress role in the pathogenesis of diseases, mainly, we have examined oxidative stress biomarkers including MDA and NO also anti-oxidative biomarkers such as TAC, SOD, GPx, and glutathione (GSH). The evaluation of oxidative stress and antioxidant biomarkers have been suggested as useful tools in estimating the risk of oxidative damage and associated diseases [37, 38] and help in the prevention and management of oxidative diseases. A number of oxidative stress markers in PCOS are listed in Table 1 . These biomarkers in PCOS reported in several studies as follows:
Malondialdehyde
MDA results from lipid peroxidation of polyunsaturated fatty acids [39] is stable and can serve as a good biomarker. [32] MDA level in PCOS reported in several studies. One meta-analysis showed that circulating mean MDA concentrations according to the age and BMI were increased 47% in women with PCOS compared with controls. [1] Kuscu et al. compared blood MDA level in PCOS patients with healthy controls. They showed the MDA level was significantly higher in the PCOS group but was independent of obesity. [40] In another study, Zhang et al. demonstrated that serum MDA levels in PCOS patients were significantly higher than the control group, but BMI and age were not recorded. [41] In addition, Dursun et al. studied PCOS patients and found serum MDA levels in PCOS patients were similar to those of BMI and smoking status matched controls. [42] Palacio et al. compared PCOS patients with BMI and age matched controls. They demonstrated that higher levels of erythrocyte MDA were seen in PCOS patients compared with controls. These results also were found by Sabuncu et al. [43, 44] Nitric oxide NO is a free radical, and it is an important cellular signaling molecule involved in many physiological and pathological processes, but an excess of NO can be toxic. NO endogenously is biosynthesized by various nitric oxide synthase (NOS) enzymes from L-arginine, oxygen, and nicotinamide adenine dinucleotide phosphate. An alternative pathway, NO synthesis through the sequential reduction of nitrate derived from plant based foods. [45] It is also generated in immune responses through phagocytes by monocytes, macrophages, and neutrophils. NO level in PCOS reported in several studies. Recent meta-analysis study showed that the mean of the NO level had no statistically significant difference in women with PCOS compared with controls. [1] Hassani et al. to evaluate the role of NO in PCOS, Wistar rats treated with L-Arginine, a precursor of NO, and results showed that the ovaries of rats treated with L-arginine had polycystic characteristics in contrast to control and believed that NO may play a major role in the pathophysiology of PCOS. [46] Karabulut et al. investigated relation between PCOS and oxidative stress status by measuring NO in PCOS patients and healthy control. Results showed that statistically higher levels of NO in PCOS patients compared to the control women. [47] Willis et al. compared measures of oxidative stress and NO metabolites in patients with PCOS and age/BMI matched control. Results showed similar nitrite but lower nitrate levels in subjects with PCOS (Nitrite/nitrate concentration is an index of endothelium-derived NO). [48] In addition, Nacul et al. reported that NO levels in PCOS patients were similar in age/BMI matched controls. They investigated NO and fibrinogen levels are as two markers of vascular disease that are associated with insulin resistance in PCOS women and showed a significant negative correlation between NO and fasting insulin levels and homeostatic model assessment. They suggested that NO was related to the presence of insulin resistance in PCOS patients. [49] Advanced glycation end products AGEs also called "glycotoxins," are the end products of a chemical procedure called the Maillard reaction in which the carbonyl group of carbohydrates reacts non-enzymatically and interacts with lipids or with amino groups of proteins. [50] ROS catalyze the chemical modification of proteins by Maillard reactions in vivo. [51] AGEs, end product of this reaction, in turn, induce oxidative stress, finally leading to inflammation and the propagation of tissue damage. Thus, the production of AGEs and resultant oxidative stress accelerate Maillard reactions and can initiate an autocatalytic cycle of deleterious reactions in tissues. [52] AGEs level as oxidative stress marker of PCOS reported in several studies and accumulating evidence has suggested the possibility of AGEs in altering steroid bio-synthesis in polycystic ovaries by affecting enzyme function, induction of inflammatory changes, and insulin resistance. [53] The result of abnormal steroidogenesis in PCOS could lead to elevated androgen synthesis and abnormal folliculogenesis. [54] Diamanti-Kandarakis et al. investigated serum AGEs levels and receptor for AGEs (RAGE) expression in monocytes of PCOS and control group and their correlation with testosterone levels. They demonstrated higher serum AGEs protein levels and RAGE in patients with PCOS compared to control group. In addition, a positive correlation was observed between serum AGEs and testosterone levels, even after controlling for BMI. [55] In another study, the same authors fed Wistar rats diet containing high (H) or low (L) AGEs for 6 months. In H-AGE rats, they found elevated AGE deposition in ovarian theca interna cells, increased RAGE staining in granulosa cells, and higher plasma testosterone compared to L-AGE rats. [56] In addition, Tantalaki et al. investigated the role of AGE dietary intake on hormonal status of women with PCOS. They gave women with PCOS isocaloric diet containing high AGE or low AGE for 2 months and found higher serum AGE along with elevated testosterone, free androgen index , and androstendione levels in PCOS patients with the H-AGE diet compared to L-AGE diet. [57] These studies substantiate the association between AGE and hyperandrogenism in PCOS.
Xanthine oxidase
XO is an enzyme that participates in the generation of superoxide anion radicals.
This enzyme catalyzes the oxidation of hypoxanthine to xanthine and oxidation of xanthine to uric acid. [58] Serum XO, which plays an important role in the catabolism of purines in humans and generates ROS, was increased in PCOS in studies. [59] In addition HaticeIsık et al. investigated serum XO and SOD activities, hormonal levels, cholesterol levels, fasting plasma glucose (FPG), fasting plasma insulin (FPI), quantitative insulin sensitivity check index (QUICKI), homeostatic model assessment-insulin resistance (HOMA-IR) index, CRP, white blood cell, and neutrophil counts. The basal hormone levels, triglyceride (TG) levels, TG/high density lipoprotein-cholesterol (HDL-C) ratios, FPG, FPI, and HOMA-IR levels were higher in PCOS patients compared to controls. However, CRP, platelet and plateletcrit (PCT) values, and XO activity were significantly increased, and SOD activity was decreased in PCOS patients. The XO activity was positively correlated with CRP, PCT, FPG, FPI, LH/FSH, TG/HDL ratios, and HOMA-IR, and negatively correlated with QUICKI levels. They suggested that the XO is a useful marker to assess oxidative stress in PCOS patients. [60] Total antioxidant capacity TAC is the ability of serum to scavenge free radical production. TAC level in PCOS reported in several studies. One meta-analysis showed that there was no significant difference in TAC in women with PCOS compared with controls. [1] Fenkci et al. investigated TAC level in PCOS patients compared with the age, BMI, and smoking status matched controls. They demonstrated that the TAC level was significantly lower in PCOS patients. [61] However, Verit et al. reported that TAC levels were significantly higher in PCOS patients compared with age and BMI matched controls. Although the complete mechanism of this elevation is unknown, they proposed that TAC was increased to restitution of oxidative stress elevation. [62] Results of studies about antioxidant concentration are conflicting; therefore, further studies of oxidative stress in PCOS are needed to clarify the association PCOS with antioxidants. A number of antioxidative stress markers in PCOS are listed in Table 2 .
Superoxide dismutase
SOD is an enzyme and an important antioxidant defense that eliminates superoxide anions (O2-), as a major oxygen radical, by catalyzes of them to H 2 O 2 and final by GPx converted to water. [6] Several common forms of SOD exist depending on the metal cofactor and the protein fold such as the Cu/Zn type, Fe and Mn types, and the Ni type. [63] SOD activity in PCOS reported in several studies. Sabuncu et al. determined antioxidant status in women with PCOS evaluated blood SOD level in PCOS patients compared with healthy controls. They showed that women with PCOS had higher SOD levels than normal subjects. [44] Moreover, Zhang et al. showed that the serum SOD level in PCOS patients was significantly lower than the control group. [41] Kuscu et al. determined the oxidative stress role in endothelial dysfunction in a young, non-obese group of PCOS patients, measured blood SOD level. They demonstrated that SOD levels were significantly higher in a PCOS group than in control group. [40] In 2013, the result of one meta-analysis also showed that the mean SOD activity was 34% higher in PCOS patients than in controls. [1] In another study, Seleem et al. examined the activity of SOD both in the serum and follicular fluid (FF) from women with PCOS undergoing intra cytoplasmic sperm injection . They showed SOD activity highly significant decrease both in the mean serum and FF, in PCOS than the control group, and suggested serum SOD activity could be a clinical parameter for determining systemic oxidative stress in PCOS. [64] Further studies are needed to examine the mechanism of SOD as the antioxidant defense in PCOS.
Glutathione peroxidase
GPx is an enzyme family that protects the organism from oxidative damage by reducing lipid hydroperoxides to their corresponding alcohols and reduce H 2 O 2 to water. The GPx activity evaluation for anti-oxidant defense assessment in PCOS was reported in several studies. Sabuncu et al. determined oxidant and antioxidant status in women with PCOS. They demonstrated that GPx did not differ between a PCOS group and a healthy control group. [44] Baskol et al. investigated relation between oxidative stress and the antioxidant system in the development of PCOS by measuring GPx activity in PCOS patients and age and sex matched healthy control. Results showed that no significant difference was found between GPx activities in PCOS patients and the control women. [59] One meta-analysis showed that the mean GPx activity had no statistically significant difference in women with PCOS compared with controls. [1] However, Savic-Radojevic et al. showed that GPx activity of PCOS women significantly decreases compared to control. [65] Further studies are needed to examine the mechanism of GPx as the antioxidant defense in PCOS.
Reduced glutathione
GSH, as an important antioxidant, is synthesized in the cytosol in two steps that require ATP. First, glutamate and cysteine by γ-glutamylcysteine synthetase create γ-glutamylcysteine and second, γ-glutamylcysteine and glycine by the activity of GSH synthetase create GSH that is distributed in the endoplasmic reticulum, nucleus, and mitochondria. [66] GSH is essential in the regulation of the disulfide bonds of proteins and in the disposal of electrophiles and oxidants. [67] The antioxidant function of GSH is mediated by this redox-active thiol group that becomes oxidized when GSH reduces target molecules.
GSH evaluation for its antioxidant effect in PCOS was reported in several studies. One meta-analysis showed that the mean GSH levels were 50% lower in women with PCOS than in controls. [1] Sabuncu et al. demonstrated that GSH was significantly lower in the PCOS patient group than in the control group. [44] In accordance with the findings of Sabuncu et al., Dincer et al. also found GSH levels to be significantly lower in women with PCOS than in the control group. They proposed that GSH depletion might have resulted from increased production of ROS in PCOS patients. [36] Vitamin C and E Several vitamins with antioxidant capacities derived from their scavenging of oxidant molecules have been studied in PCOS. Studies on vitamin C show that this vitamin concentrations are lower in PCOS patients than in controls. Kurdoglu et al. reported vitamin C concentrations in serum and Mohan and Vishnu reported in erythrocyte are lower in PCOS patients and the same applies to circulating vitamin E concentrations. [68, 69] 
Conclusion
The association between oxidative stress and PCOS is an important issue in animal and human reproductive medicine. In this review, we have summarized the current knowledge in the relationship between oxidative stress and PCOS and encompass the most important oxidative stress roles in the pathogenesis of PCOS.
Cumulative studies to date yield an association between oxidative stress and PCOS. Moreover, oxidant and antioxidant status varied between individuals because of differences in diet, lifestyle, and enzymatic and dietary antioxidants.
The measurement of multiple biomarkers of oxidant and antioxidant may be liable indicator of oxidative stress.
Further studies are needed to standardize measurement units of each biomarker to facilitate comparison across studies and also examine the mechanism of oxidative stress on PCOS.
